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Two-dimensional ultrawide bandgap materials, with bandgaps significantly wider than 3.4 eV, have com-
pelling potential advantages in nano high-power semiconductor, deep-ultraviolet optoelectronics, and so on.
Recently, two-dimensional layered h-BeO has been synthesized in the experiments. In the present work, the
first-principles calculations predict that monolayer h-BeO has an indirect bandgap of 7.05 eV with the HSE
functional. The ultrawide bandgap results from the two atomic electronegativity difference in the polar h-BeO.
And the electronic transport properties are also systematically investigated by using the Boltzmann transport
theory. The polar LO phonons of h-BeO can generate the macroscopic polarization field and strongly couple to
electrons by the Fro¨hlich interaction. Limited by the electron-phonon scattering, monolayer h-BeO has a high
mobility of 473 cm2V−1s−1 at room temperature. Further studies indicate that the biaxial tensile strain can
reduce the electronic effective mass and enhance the electron-phonon coupling strength. The suitable strain can
promote the mobility to ∼1000 cm2V−1s−1 at room temperature.
Since the emergence of the germanium-based transistor at
Bell Telephone laboratories, modern semiconductor technolo-
gies span a huge range of applications due to their manipu-
lation of electrons, holes, and photons in a wide variety of
device architectures and operating environments. With the
fast development of electronics industries, high-performance
power semiconductor devices become particularly important.
As an important criterion to contrast candidate materials for
the power-electronic devices, Baliga’s figure of merit depends
most strongly on the breakdown field, which increases non-
linearly with increasing bandgap. So there is a huge demand
for ultrawide bandgap (UWBG) semiconductors1, those have
bandgaps significantly wider than the 3.4 eV of GaN. Such
as, AlGaN/AlN, diamond, Ga2O3, BN and II-IV-N materi-
als2–5. Also with further exploration, the UWBG semicon-
ductors have significant application prospects in radio fre-
quency and microwave electronics, deep-ultraviolet optoelec-
tronics, quantum information, and extreme-environment ap-
plications6. Among the UWBG materials, BN is of special
interest. Its wurtzite (w-BN), zinc blende (c-BN), and hexag-
onal (h-BN) all belong to UWBG semiconductors. The h-BN
has strong in-plane covalent bonds and weak Van der Waals
force between layers7–10. The similar structure to graphene
also makes h-BN be well-known as ’white graphene’. And
it especially attracts for 2D materials because of the unique
physical and chemical properties11–13, such as the atomic
flatness, mechanical robustness, absence of dangling bonds,
and high thermal conductivity. So of course, in the recently
rapidly developing field of layer engineering of 2D semicon-
ductor conjunctions, there is a large amount of h-BN-based
van der Waals heterostructures14–17, which greatly expands its
application fields.
The h-BN has a wide range of potential applications and
also provides strong motivation for the exploration of novel
2D UWBG materials. Inspired by the element changes from
graphene to h-BN and the bandgap in h-BN, it comes naturally
that the compound of beryllium and oxygen is very likely an-
other ’white graphene’. The early research work finds that the
sp3-hybridizedw-BeO is also insulator with high thermal con-
ductivity and the sp2-hybridized h-BeO is synthetized hardly
in spite of the predictive UWBG18,19. Until recently, Wang20
obtains the layered h-BeO in the graphene-encapsulated con-
fined cell, which produces a miniaturized high-pressure con-
tainer for the crystallization in solution. And the energy bar-
rier between the w- and h-BeO phases is responsible for the
observed h-BeO layer counts beyond the ultra-thin limit in
the theoretical prediction. Other theme that come up, many
physical properties of a newly synthesized material are not
implemented yet and looking forward to being realized in the
future. The comprehensive estimation and understanding of
carrier transport are essential for the application potential in
multifunctional electronic devices, especially power electron-
ics.
In this work, we have studied the electronic structure,
phonon dispersions, electron-phonon coupling, and carrier
mobility of monolayer h-BeO using first-principles calcula-
tions with Boltzmann transport theory. The present results
show that monolayer h-BeO is a UWBG material with an in-
direct bandgap of 7.05 eV in the HSE functional, which re-
sults from the electronegativity difference between Be and O
atoms. Equally important is that the polar LO phonons in
monolayer h-BeO can couple with the electron strongly by the
Fro¨hlich interaction. On this basis, monolayer h-BeO has a
high mobility of 473 cm2V−1s−1 at room temperature. More
interesting, a suitable biaxial tensile strain can promote the
mobility to ∼1000 cm2V−1s−1.
All calculations were carried out in the framework of
density-functional theory (DFT) as implemented in the
QUANTUM ESPRESSO package21. The exchange and cor-
relation energy was in the Perdew-Burke-Ernzerhof (PBE)
form22. And the more accurate value of the bandgap was
obtained by using hybrid Hartree-Fock+DFT functional of
HSE23. By requiring the convergence of mobility, the kinetic
energy cutoff of 40 Ry, 320×320×1 k-mesh, and 80×80×1
q-grid were used in EPW code24. The other computational
details are given in the supplementary material.
Figure.1 shows that the crystal structure of monolayer h-
BeO has lattice constants a=b=2.68 A˚ and is similar to the
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FIG. 1. (a) Top view and (b) side view of monolayer h-BeO. (c) MD
simulation with 800 K and the insets are crystal structure at 5 ps. (d)
Phonon dispersions of three acoustic modes and three optical modes.
monoatomic-layer graphene and h-BN. In the calculation of
bilayer structure with van der Waals corrected exchange-
correlation functionals, AB-type stacking (the atom in upper
layer locates the center of the hexatomic ring of the lower
layer) has the lowest total energy in the all bilayer structures
(see the supplementary material) and the interlayer distance
is 3.05 A˚ , identified as the effective thickness of the mono-
layer h-BeO. Then the elastic properties, molecular dynam-
ics (MD) simulation, and phonon dispersions are calculated
in order to ensure the stability of monolayer h-BeO. Firstly,
the stiffness tensor elements of C11, C12, and C66 are 149.13,
36.23, and 58.48 N/m, respectively, also fulfill requirements
of Born criterion. Young’s module and Poisson’s Ratio are
evaluated with a value of 162.32 N/m and 0.24, smaller than
those of graphene and h-BN. Secondly, the long calculations
of MD simulation with two temperatures of 300 K (see the
supplementary material) and 800 K show that the total energy
oscillates around the stable value and the hexatomic ring is
almost undamaged although the atomic fluctuation emerges
with ∆h= 0.2 (0.8) A˚ under 300 (800) K [Fig.1(c) and sup-
plementary material]. Finally, in the phonon dispersion, the
absence of imaginary frequency in the entire Brillouin zone
shows the dynamic stability. And the lack of other atomic-
layer restrictions for the out-of-plane vibration also leads to
the significantly lower phonon frequencies of out-of-plane
acoustic (ZA) and optic (ZO) modes than those of in-plane
acoustic (transverse TA, longitudinal LA) and optical modes
(transverse TO, longitudinal LO). More importantly, the po-
larity of monolayer h-BeO gives rise to the evident LO-TO
splitting at Γ point with the value of 88 cm−1.
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FIG. 2. (a) Calculated electronic structure of monolayer h-BeO with
the projections of pz and sp
2 orbits from two elements. (b) Differ-
ence charge density∆ρ. The glassy yellow means increasing charge
and light blue means decreasing charge.
TABLE I. The energy gap (Egap) between CBM and VBM, the en-
ergy gap (Eσ) between bonding σ and antibonding σ*, the energy
gap (Epi) between bonding pi and antibonding pi*, and the effective
mass of electron (m*) under different strains with the HSE func-
tional, when the values in the brackets is the results of PBE func-
tional.
Strain Egap Eσ Epi m*
0 7.05 (5.38) 7.40 (5.83) 10.24 (8.95) 0.792 (0.788)
2 6.70 7.29 9.96 0.729 (0.725)
4 6.51 7.13 9.74 0.673 (0.680)
6 6.28 6.95 9.52 0.641 (0.638)
8 6.05 6.74 9.35 0.620 (0.617)
10 5.86 6.54 9.12 0.589 (0.590)
The band structure and charge transfer from Be to O of
monolayer h-BeO are presented in Fig.2. In the electronic
structure, the sp2-hybridization orbitals form the strong in-
pane linetype bond, which contribute the bonding σ and an-
tibonding σ* at Γ point [Fig.2(a)]. And the vertical plane pi
bond is from the pz orbits. The electronegative difference be-
tween Be and O atoms results in the charge transfer, as the
high density around O atoms shown in the contour plots of the
difference charge density (∆ρ = ρBeO−ρBe−ρO) [Fig.2(b)].
In the Bader analysis, Be and O have 0.3 and 7.7 charges,
respectively. In the classic sp2-hybridization graphene, the
purely covalent bond leads to the crossing of pi and pi* at K
point. But the strong bond in the plane and the high polariza-
tion of monolayer h-BeO, from the asymmetry sublattices of
Be and O atoms, open an ultrawide bandgap. The energy gap
3(Egap) between conduction band bottom (CBM) and valence
bandmaximum (VBM), the energy gap (Eσ) between bonding
σ and antibonding σ*, the energy gap (Epi) between bonding
pi and antibonding pi* are 7.05, 7.40 and 10.24 eV, respec-
tively, in the HSE functional, which obtain the bigger values
than PBE functional [Tab.I and supplementary material].
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FIG. 3. (a) The electronic scattering rates of the LO mode and other
modes above CBM at 300 K. The energy of CBM is set to be zero.
The inset shows the electronic scattering rates of ZA, TA, LA, ZO,
TO modes. (b) The electron carrier mobilities vary with the carrier
concentration at different temperatures.
The band structure of CBM around Γ point is almost
quadratic [Fig.2(a)] and can be described by the electronic
effective mass simply. The Γ valley (the band around CBM
at Γ point) shows an isotropic effective mass m* of 0.792
me, much lighter than hole effective mass of 3.515 me, which
implies high-performance transport of electronic carrier. In
order to reveal the internal electronic transport mechanism,
the electronic scattering rates originating from the different
phonon modes around CBM are plotted in Fig.3(a). All
the electronic scattering processes in h-BeO are intravalley
due to the only Γ valley around the edge of the conduction
band. As shown, the LO phonons contribute the main elec-
tronic scattering rates obviously, which are at least an order
of magnitude greater than those of other phonons. The ma-
jor reason is that the nonzero Born effective charge tensors
exist in the polar h-BeO. Then LO phonons can generate the
macroscopic polarization field and couple to electrons by the
Fro¨hlich interaction25. Moreover, the ZA phonons have little
impact on electronic transport, protected by the mirror sym-
metry26, similar to the graphene. The calculated electronic
carrier mobilities µ as a function of the carrier concentration
at 100-500 K are plotted in Fig.3(b). The mobility µ drops
noticeably with the increasing temperature at the same car-
rier concentration because the positive correlation relation-
ship between phonon concentration and temperature causes
the strong electron-phonon coupling with increasing temper-
ature. At room temperature, the mobility µ has a value of
473 cm2V−1s−1 with the carrier concentration n2D =1× 10
12
cm−2, when it is as high as 833 cm2V−1s−1 at 100 K. The
slight decrease of µ with increasing carrier concentration de-
rives from the higher density of electronic states the stronger
electron-phonon coupling in Γ valley.
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FIG. 4. (a) The electronic scattering rates of the LO mode above
CBM at 300 K with three strains (ε=0.0%, 6.0% and 10.0 %). (b)
The electron carrier mobilities vary with the strains at different tem-
peratures when the carrier concentration at 1 × 1012 cm−2.
Furthermore, the biaxial strain is also calculated due to the
distinctive modulation effect on the many physical proper-
ties of 2D materials27,28 and the compressive strain is out of
consideration because of the presence of imaginary frequency
around Γ point in the phonon dispersions (see the supplemen-
tary material). Under the tensile strain, the increasing atomic
distances result in the narrowing energy gap between bond-
ing and antibonding states, as the value changes of Egap, Eσ
and Epi summarised in Tab.I. Meanwhile, the electronic effec-
tive mass gets lighter under larger strain and reduce to 0.589
me with ε=10.0%. But, it should be also noted that the strain
4effect on the electron-phonon coupling. Normally, the ten-
sile strain can soften the phonons. And the electron-phonon
coupling matrix element are generally inverse correlation with
phonon frequency. Hence, there are higher electron-phonon
coupling strength and electronic scattering rates under larger
strain, as shown in Fig.4(a). Simultaneously considering var-
ious factors of electronic transport, the positive influence of
electronic effective mass change, and the negative influence
of electron-phonon scattering enhancement, the result is that
µ increases with increasing the degree of strain, and reaches
the maximum at ε=8.0 % before it starts decreasing. At room
temperature, suitable strain can raise the mobility to ∼1000
cm2V−1s−1 with n2D =1 × 10
12 cm−2, when the mobility
can even go up to ∼2000 cm2V−1s−1 at slight lower temper-
ature of 200 K.
In summary, we have systematically investigated the elec-
tronic structure, phonon dispersions, electron-phonon cou-
pling, and carrier mobility of monolayer h-BeO using first-
principles calculations with Boltzmann transport theory. It is
found that monolayer h-BeO is a UWBG material with the
indirect bandgap of 7.05 eV in the HSE functional, which is
from the two atomic electronegativity difference. The polarity
also results in that the LO phonons generate the macroscopic
polarization field and couple to electrons by the Fro¨hlich in-
teraction. And the mirror symmetry leads to the negligible
effect of ZA phonons on electronic transport. By consid-
ering the electron-phonon scattering, monolayer h-BeO has
a high mobility of 473 cm2V−1s−1 at room temperature.
In addition, the biaxial tensile strain can reduce the elec-
tronic effective mass and enhance the electron-phonon cou-
pling strength. The suitable strain can promote the mobility to
∼1000 cm2V−1s−1 at room temperature.
furthermore, the previous works also find that the many-
body effect plays a considerable role in the estimates of
bandgap in 2Dmaterials because of the enhancedCoulomb in-
teraction with respect to 3D materials29–32. We also calculated
the quasi-particle bandgap of monolayer h-BeO within the
framework of GW approximation33. The single-shot G0W0
and partially self-consistent GW0 simulations both give the
value of bandgap as 8.35 eV. The results indicate the ultrawide
bandgap in monolayer h-BeO is robust to various exchange-
correlation functionals and approximate treatments in first-
principles calculations.
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